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ABSTRACT 


A study has been made of the mechanics leading to a geomtric 
peak in the neutron yield curve of endoergic (p,n) reactions. 


Theoretical expressions have been derived for the neutron yield 
as a function of proton energy and counter position for the case of a 
monoergic proton beam, assuming isotropic emission of neutrons in the 
center~of=-mias system and neglecting proton straggling within the tar- 
get. The derivative of the theoretical yield curve is evaluated at 
the peak position to get an equation for target thickness in terms of 
peak position, counter position, and reaction threshold. These re- 
sults are applied to the Li(p,n) reaction. 


The effects of proton stragrling and spread in the proton beam 
energy are then considered, and a method given to obtain an appraxi- 
mation to target thickness whore these effects must be taken into ас- 
count as is the case for very thin targets. 
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I. INTRODUCTION 

The Li(p,n) reaction has long been & source of neutrons for 
experimental work. In many experiments where it is necessary to know 
the energy resolution of the neutrons, target thickness is the min 
factor contributing to this resolution, and it becomss imperative to 
know the value of target thickness within reasonable limits. In other 
experiments the neutron energy resolution may be due primarily to 
other effects, such as energy spread of the incident proton beam or 
the geometry of the experiment; since the neutron energy has an angu- 
lar dependence, the finite size of materials (scatterers, absorbers, 
and so forth) introduces a neutron energy spread. For those experi- 
ments that fall in the latter category, as is probable when using 
very thin targets, an accurate determination of target thickness is 
not important from the viewpoint of determining the neutron energy 
resolution. However, even here, other considerations may require 
that target thickness be accurately determined. 

There are many articles in the literature dealing with endo- 
ergie reactions in general and the Li(p,n) reaction in particular, 
noteworthy among which is the work of Hansen, Taschek, and Williams!. 
As a result of their work, they observed that by using a conventional 
8=ineh long counter for neutron detection, located 1 meter from the 
target along the beam axis, the difference between the proton energy 
at the geometric peak and at threshold was a good approximation of 
target thickness. This method of determining target thickness is 
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commonly used and is referred to as the "rise" mthod. They also 
discussed the use of a calibrated counter for determining the thick- 
ness of fresh lithium targets. 

In the course of certain experiments at this laboratory, a 
question arose concerning the accuracy of the riso method of deter- 
mining target thickness, and, further, the effect of moving the com- 
ter closer to the target in order to obtain higher counting rates. 
This thesis is the result of a study to answer the above Questions. 
During the course of this work, 1% was found that target thickness 
had been determined previously^»? in at least two cases by fitting a 
theoretical yield curve to the experimental curve, but no thorough 
treatment of this method has been found, Such a method should give 
accurate results if the energy spread of the incident beam and 
straggling within the target are considered. 

It would seem, however, that this method must be tedious, 
since two parensters, target thickness and effective half-angle of 
the counter, must be adjusted by trial and error until a best fit is 
obtained over the rise portion of the geometric peak. Whereas the 
shape of the rise portion of the curve and the height of the peak 
depend rather strongly on the proton energy spread within the target, 
the proton energy at which the peak occurs is not strongly dependent 
on the proton energy resolution. This situation is quite similar to 


the effect of resolution on the shape of a cross-section resonance. 
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It is because of this that the rise method can be used for determin- 
ing the target thickness in the marmer indicated in this thesis. 
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be represented аз in Figure 8, Appendix A. The reaction is pic- 
tured as occurring at the center of sphere A, the radius (Vn) rop- 
resenting the velocity of the neutron in the center-of-mass system. 
To transform to tho laboratory system, it is only necessary to add 
the velocity of the center of mes to each point on the surface of 
sphere А, thus obtaining sphere B, also of redius V4. A vector from 
the center of sphere A to any point on the surface of sphere B rep- 
resents a particular neutron velocity (energy) in the laboratory. 
Thus, a group of neutrons appears in the laboratory with essentially 
a continuum of velocities ranging from a minimum value (Vow ~ Vn) 
to & maximum value (Veg * V4), both occurring at zero degrees. 

At threshold the neutrons are "squeesed" out of the nucleus 
With velocity (V,) equal te zero. In this limiting case, spheres 
A and B are reduced to points, and all of the neutrons appear at 
gero degrees in t^e laboratory with a velocity equal to that of 
the center of mes. At a slightly higher proton energy, spheres A 
and B have a finite size as depicted in Figure 8. Here, sphere B 
defines & cone of neutrons of half-enple ү. At emy angle less than 
Y, sphere B is intercepted in two points corresponding to two differ- 
ent neutron energies. Consequently, an element of solid angle within 
the neutron cone will intercept two groups of neutrons of different 
energies. 

Since the neutron cone is defined by the angle у Гог which 
the cone and sphere are tangent, it follows that the point of 


tangency corresponds to neutrons of a particular energy. 
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The cone gets larger with increasing proton energy until the 
neutron velocity in the center-of-mass system is equal to tha center- 
of-mass velocity, at which tim the cone has opened up to 21 steradíans 
so that neutrons are being emitted into the entire forward hemisphere 
in the laboratory. The proton energy at which this occurs is desig- 
nated Er, and at this energy the lower-energy neutron group disappears. 
With any further increase of proton energy above Er, neutrons are 
emitted throughout the entire lr steradlans of the laboratory. 

With the long counter placed with its axis along the bean axis, 
the fraction (G) of neutrons emitted from thickness dE which enters 
the counter depends on the size of the neutron core and the half- 
angle (@) which the counter subtenis at the target. If E, is defined 
as» that proton energy at which the neutron cons is equal to the cone 
subtended by the counter, then tho fraction (G) has the following 
values (Appendix A): 
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III. CROSS SECTION 


From theoretical considerations, it is shown! that, for a 
neutron emitted with angular momentum £ „ the cross section at 
energies just above threshold is given by: 


(h) 25 (ап) = const 22+ 1/2 


where "a" is the charged particle inducing the reaction, and En is 
the neutron energy in the center-of-miss system. Because of the high 
centrifugal barrier in the region just above threshold for neutrons 
with angular momentum other than zero? Í| the contribution to the yield 
from such neutrons will be small compared with that from neutrons 
having zero anculer momentum, hence no centrifugal barrier. 

Since the threshold neutrons mostly have 0 = 0, 


(5) o (ап) = const к,1/2 = const Y. 


In Appendix A, it is shom that the neutron velocity in the 
center-of-mass system is riven hy: 


V, * const (E 2 E 


where Fp is the threshold energy and E the instantaneous energy of 
the incident particle. Then the cross section o- may be written: 


(6) с - C(E- np)? where C is a constant. 
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IV. COUNTER SENSITIVITY 


The 8-inch long counter°4s the result of several attempts 
to find an arrangement of pareffin surrounding a boron detector such 
that the number of boron disintegrations is proportional to the num 
ber of primry-source neutrons and independent of their energies over 
а wide range. This counter consists of a paraffin cylinder 12 inches 
in length and 8 inches in diameter. Along its axis is a RF} propor- 
tional counter 1 inch in diamster and 8 inches in active length is 
embedded. It protrudes slightly over the front face of the paraffin 
but is protected from direct thermal neutrons by a cadmium shield. 
An aluminum tube shields the counter electrically. For insulation, 
the space between the counter wall and the shield 4s filled with 
ceresin wax. The central electrode consists of a Kovar wire of 10- 
mil diameter. The counter is filled with enriched (80 percent B10) 
BF3 to a pressure of 25 em Hg. With-2700 volts applied to the wall 
а gas multiplication of about 10 is obtained. With the source of 
neutrons placed on the counter axis one meter from the face, a flat 
response ia obtained in the region from about 0.5 to 3.0 Mev. The 
performance of the counter my be explained qualitatively as follows. 

The length of the counter is mny times greater than the man 
free path of any neutrons to be detected. Neutrons entering the 
paraffin are degraded to therm energies and diffuse into the detec- 
tor where they give rise to B(n,a) reactions. Because of the large 
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cross section, the counting rato is determined essentially by the 
flux of thermal neutrons. For an infinitely large slab of paraffin, 
the efficiency would increase with increasing neutron energy, since 
low-energy neutrons penetrate only a short distance into tho paraffin 
before being thermlized. Therefore, the low-energy neutrons have a 
better chance of escaping through the front face (instead of passing 
through the detector) than neutrons that were originally of higher 
energy and are thermlized at a greater distance from the front face. 
There are two reasons for this. At higher energies, more collisions 
are required for thermalization, and the collision cross section is 
smiller than at low energies. In order to minimize the dependence 

of the efficiency on the energy, the dimensions of the paraffin 

must be such that the thermlized fast neutrons have an increased 
chance to escape from the paraffin. 

The probability that a neutron striking a long comter will 
be counted is a function of its energy and direction, and the dis- 
tance from the counter axis at which it strikes. The conventional 
8-1nch long counter has been designed to give a flat response in the 
region from about 0.5 to 3 Mev, for a uniform distribution over the 
face of the counter. The situation is somewhat different in this 
problem as the neutrons are emitted in & cone of varying solid angle 
within which the energy distribution is not uniform. Only after the 
cone has opened up to hr steradians is the distribution approximately 
uniform over the counter face, but the forward direction 1s still 


favored. 
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A theoretical caleulation of cowmter sensitivity vould be 
very difficult, if not impossible. It seems that the best solution 
to the problem is to consider counter sensitivity as being constant, 
and to use a counter which is modified to best satisfy this assumption 
consistent with reasonable yield. 

For proton energies up to hO kev above threshold, neutron 
energies will range froma few kev to about 120 kev. (Figure 13 
of reference 1.) For each proton energy in this range, the counter 
will intercept all of the neutrons if E < E, or two groups, high and 
low energy, if E? Ес. Because of tho finite thickness of the target, 
both situations can occur simultaneously. The net result is that 
neutrons of various energies are incident upon the counter for any 
proton enorgy. 

The experimental sensitivity curves of Hanson and MeKibben® 
show that a 6-inch paraffin diameter gives a flatter response than the 
conventional &-inch counter for neutrons in the energy range fron ther- 
mal to a few hundred kev. This is explained by the fact that ths sen- 
sitivity of the counter to high-energy neutrons is decreased because 
of the seller mss of paraffin, and the sensitivity to lon~energy 
neutrons is therefore relatively high. It may be inferred that a 
paraffin diameter less than 6 inches will give a still flatter re- 
sponse over the energy range of interest. Snowden and Whitehead? 
have used € h-inch paraffin diamoter in their work of fitting a theo- 
retical yield curve to the experimental yield curve. 
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Re Ae Nobles et al’ have modified the shielded long counter® 
by employing a BF3 counter of larger diameter nlaced slightly farther 
fornard in the mraffin moderator. Whereas the conventional shielded 
long counter shows а 10 percent drop in efficiency at 25 key compared 
to the flat response region, it is claimed for the modified counter 
that no decrease in efficiency has occurred at 25 kev. 

In the design of the optimum counter, another factor must be 
considered. Those neutrons which strike near the outer periphery of 
the maraffin have a velocity which is at an angle with respect to 
the counter axis. This my be represented as follows: 


Source 





These neutrons have a higher probability of escaping from the 
counter because of the smaller amount of paraffin ín the direction of 
their motion. The result is that the counter will have an effective 
half-angle (@,r¢) lesa than its true half-angle (0). This effect is 


increased as the counter is moved closer to the target. It seems that 
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the use of a truncated cone of paraffin as employed by Bonner and 
Butler would reduce this effect. However, for optimum results, 
this would demand a separate truncated cone for each position of 
the counter. [ven then, one could not expect the loss of counts to 
occur sharply at E = Ee Possibly the best practical counter would 
be one having a truncated cone corresponding to the average position 
at which the counter is expected to be used. 

The benefits of such an optimnm design may not be sufficient 
to offset the advantage of using the conventional counter. In either 
case, it will be necessary to know the effective half-angle of the 


counter for various counter positions. 
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" 1/2 
letting € = constant and o = S(E - Ey) in accordance 


with the foregoing diseussions, equation (2) become: 


Eo 
(7) № = Ж G (E = ip)? dE 


Ео-4Б 


where Z 8 На Є Ca constent, and AE = target thickness. 
Tquations (3a,b,c) indicate that the form of the analytical 

expression defining O depends on the value of E at the point in 

question. This causes the integral of equation (7) to break up 

into two integrals if at any point within the target the proton energy 

has the value E, or Ep. In order to evaluate equation (7) over the 

yield curve from threshold to a point beyond the geometric реак, it 

is necessary to know the sequence of Y values. Only then can the 

proper G value and the limits of integration be correctly selected. 

Of the five possible sequences of E values discussed in Appendix B, 

it is there shown that only the following two sequences can occur for 

counter half-angles less than 30 degrees and target thicknesses less 

than 30 кеу. (These two sequences are arranged in order of increasing 

E and will hereafter be referred to as cases I and TI): 
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I Il 
Ет Ет 
Bo Be + АЕ 
En + AR Eo 
E, * AE Se * AE 
Ет Br 
Ey + AE Ey + AE 


For target thicknesses up to (E; =~ Ер)/2 (19.85 kev for 
lithium), case I will oceur for E, < (Е. + AE) aná case 11 for 
Eg > (Ep + dE). Only ease I can occur for 


(АСЫУ са < (Bj = Ê) 
г 


which for lithium is: 19.05 kev < aE < 30 kev. 
These two sequences may be illustrated in a typical situation 


as follows: 

Es E AE 
By 
Case I | (proton energy values ) ^ Í " ' 
l 1 
! AE 
! 1 
i 

Case IT | (proton energy values) 
Мат ТЫ т | Е 


Б. T 
As the proton energy seales move to the right relative to the 
target of thickness АЕ, they indicate the manner in which the various 
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integrals arise when integrating over the yield curve. 


Expressing 


this mathematically, equation (7) takes the forms: 


Case T: Ne/Z equals 


тг 
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Сазе П: Nc/Z equals 


Eo 
ә / Qe dE ...... о Ep (Eg, Ben 
e 


Eo 
(9b) 01 g” ағ ° ° . е - è ° . ° ә BRE < Ey < Ee 
Ec AE 


Ee Eo 
(9e) G4 o dE + z бо o” dE ke EM Ee < Eo < Ee tAE 
Eo~AE Ee 
(9d,e,f) These are identical to (8d,e,f), respectively. 


It is seen from equations (3a,b,c) that Go has the 


values: 
буо = (E-m)? 
Gc  * (E= Ep)? = k(E ef = 09) 0 = k(E = Be) 
05e - i? (E= Ep)? = «(E - 5,)1/2 + p 51/2 

-10 ос + ЪЕМ 


Substituting these expressions for G],2,3 T in equations 
(8) and (9) gives: 
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Case Is Nc/Z equals 
E, 
am f (E - Bp)? ag ооо... Ep<E¿< Es 
En 
Eo Eo 
(10b) / (Е - En) ar - ef (E - ge) Рае . Ес d Be d EFE 
š> Ee 
Eo Eo 
a f (Е ~ =) ав - f (Е ~ в.) Уға „АЕ < Е, < Е, +АЕ 
F AE Fo 


Bo 
aw f Ге а)“ -k(E +)“ Ж. . . . EgtE<E< Ez 


Eo Bo 
ao f Ге 2) ав в)? | ав - C - уу? 
Ес-Ав Ey, 


-k(E ~ ва) 2 ~ b „Me OE ð è s Ez < Bo а Еу+АЕ 
За 
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Case IT: Ne /Z equals 


Be 


ам / (&em)M*ag........ № < < ەج‎ 
Ет 
Е 


о 


(115) (E - ر‎ dE во... .. БЕ <Е < Fe 
Eg-AE 
Eo Eo 
mo f (Е = g 1⁄2 dE = S (5 - в.) 2 дЕ „Ба «ЕО КЕ МЕ 
Eg-AE Ке 


(lid,e,f) These are identical to (10d,e,f), respectively. 


Integration of equations (10) and (11) give the following 


expressions? 





Case Т: 3Ne/2Z equals 


OLA a sas or <A 
SR A A 
(12e) (E, = Bp) 2= (Bq = Ep = Polo, 297 mp < Eg Eg ê 


(124) (E, Ep)? (Eo = Ep at)? к Г(% - SIS. (Ey = Ep = ак)3/4 


ә e а e $ е Ee thE < E. < Ет 


(12e) vel (Eg = Ep)3/2 ~ 2(E, = Ep = AE)3/2+ (E, - Em)3/2+ v(2,3/2- 1,3/2) 
=k [ (s > Ea lr, = Ey = a8)3/? + (By — 2, Ес Ет де 


(121) 1/24 Ge Bt = (Eg = Bye yA Pm, = вЕЗ/ 2 


к | се ° 8(۶ = (Eg + d - 5 Es Ey+AE 


Case II: 3/8c/?2 equals 

GN) a are BE 
(13b) (E, - r)? ~ (Ey = Ер ~ ag 3/2 e e 5. EpehE < E, < E, 
(3e) & = Bp)?” = (Eg = Ep = 4E)? = (Eg = Eg). Ee < Bo < Eek 


(13d,6,f) These are identical to (12d,e,f), respectively. 
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These equations my be used for computing a theoretical yield 
curve. А word of caution must be injected at this point concerning 
equations (12e,£) and (13e,f). These have toer derived from the 
assumption that o = С(Е- вр), and they will prove useful for 
reactions where that assumption is valid for the regions in question. 
The cross section for the Li(p,n) reaction, however, is almost con- 
stant throughout port'ons of the regions to which these equations 
apply. This is no handicap, however, since the equations (12a-4) 
and (13a-d) enable one to compute a theoretical yield curve for tar- 
get thicknesses up to 30 kev which is the limit of thickness being 


considered. 
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УТ. TARGET THICKNESS 


A visual inspection of equations (12a,b) and (13a,b) shows 


that the geometric real must occur for: 


Case І: Ep 2 Ep + AE 


Case II: Eo? Ee 


The requirement that the peak occur in the region defined by 
equations (12e) and (13e) for Cases I and II, respectively, is in 
either case: 

Мс (аф Еб = Ee + aE =€) > Ne (at Eo © Eq + AE) 
where € is an infinitesiml. 


Utilizing equation (126) or (13e), the requirement isr 
(Rg = Bp + AE =€) (e Er ec) ar e > 


(Ry = Bp + лв)3/2 - (Во = s, y? É к (дв) 3/2 
Expanding and collecting terms: 


3/2 € (е, - 5)? . (g, = Ep + a£)? + Kar)? | > о 


(E, - 74)? « xag)? > (E, = Er + ав)? 
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-= m 
Squaring both sides: 


az * ?k(aE)?*(E& - m)/? > ав 


dE Е < E =E 


ap < Ве в) 
к? +17 - 2 


Evaluation of the expression on the right-hand side of this 
inequality (Table IX, Appendix B) for valws of @ between zero and 
30 degrees, shows that this inequality holds for target thicknesses 
up to about hOO kev. Thus, the peak will occur in the regions de=- 
fined by equations (12c) &nd (13c) for Cases I and JI, respectively. 
Taking the derivative of Ne with respect to E, in this region and 
evaluating at the peak positions 


Ne 


= = O, where E, is the incident particle energy at the 
o H 


E» 


peak position. 
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(14) AE = Ey = En = K 


| 2 
where K * = - в.) /2 = k(Ep - в.) | 


2 
" Ir, - кт)? = соз ss, eR - 1)? ] 


The correction term (EI and the target thickness (AE) are 
evaluated in Table X for various values of the effective half-engle 
of the counter (O,¢¢), and the proton energy difference between the 
geometric peak and the reaction threshold (Ep ~ Er)» The results 
are presented as 2 family of curves in Figure 1. 


If one assumes that the cross section is given Бу: 
(15) б“ = const a 


Or, equally well, if one introduces the slowly varying constant 
1/5/2 under the integral sign of equations (10) and (u), then 
integration of these equations gives results that ean be shown to 
be identical to the expressions given by Snowden and Whitehead? 
for Case I; they have rade no mention of Case II. Proceeding as 
above, the derivative in the region of the peak leads to: 
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Ер = Ер = К 
(16) в <= e E, Ер К 


1 = 5К/Ер 


in close agreement with equation (1h). This is not surprising, since 
there is but little variation in the factor (1/8%/2) over the rela- 
tively small range of energy beinz considered. Since these results 
add nothing new to the results previously obtained, the rather 
lengthy manipulations required for confirmation of the siatenonts 
just mde are omitted. 

Equation (1) reduces to the result given by Hanson, Tasehek, 
and Williams? when Ә is small, namely: 


(17) WE — Е - Ep. 
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VII. PROTON ENERGY RESOLUTION 


The result arrived at in equation (1h) is based upon the 
assumption of an incident monergic proton beam with no proton 
straggling within the target. The effects will now be considered 
of an initial energy spread and straggline within the target. 

The Rockefeller generator has an effective energy spread of 
about 0.075 percent with the entrance and exit slits set at 1.0 m 
width. Several microamperes of beam current are available with this 
energy definition. Petter energy resolution my be obtained at the 
expense of beam current by using a narrower slit width. 

In order to calculate the straggling it is necessary to know 
the stopping power (energy loss per wit weight per unit area). 
Bethe 47,10 
tion, after correction for K shell binding, leads to the following 


treatment of energy loss, based upon the Born approxi- 


equation in the nonrelativistic cases 


(18) _ oe , hv ehs?r (2 £s Gei el 
ах mv? I 


where 


charge of the incident particle 
velocity of the incident particle 


4 
8 


Z = the nuclear charge of the mterial 

m = electronic mass 

I = average excitation potential of the atom 

N e number of atoms per em of the mterial 

Ck = correction term bo account for binding in K shell, 
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This equation as it stands gives the energy loss per mit 
path length. This equation is used to obtain the stopping power 
of lithium relative to beryllium for which the absolute value of 
stopping pomer is well known!Ó, This immediately rives: 





- 65, Yo Е É. (тб) = ex | 
—. = - 1.09 
(90 Ж 2mv?. _ 
APD W р b ( Te ) %) 


where P = density, W e atomic weight, and the subscript "o" denotes 
the standard which in this case is beryllium The calculation follows: 


-BAL 


Relative stopping power = 
| Во/То 


where B and Bo are the quantities within the brackets of numerator 
and denominator, respectively. 


Фи? e» (hm?) = Бра 
и г 199 


where J and E are the mss and energy of the proton, respectively. 
Taking Ep = 31900 kev = 1.9 x 109 ет, 


One.) = nix - 8.32% 
159 
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ба I = Фа э, - 3.526 
£n ne £a 60 - 1,101 


The above I valves are from Table ||, reference (9). 


бк < kp = OLO (Table II-l, reference (10)). 


Therefore, 


В. - 21,394 - 02205 - 0.8185. 
Bo 16.892 = 0.105 


Rel. Stop. Pwr (Il to Ве) = Wo (0,8485) = 2.015 (0.8185) = 1.09 
W 1.018 


Using the value lh for the absolute stopping power of beryl- 
lium for 1900-kev protons (Table III-7, reference (10)), one obtains 
for lithium: 


Stopping Power (14) © lb x 1.09 = 157 ley ен? 


An initially homogeneous beam of protons, after passing 
through a target of thickness t will have an energy distribution 
with a standard deviation 2 given byl, 





= m mm, Ae äi DI 








vem «nx сус de е 


— — 


-30- 





2 һт ө! ‚7 
(20) š „ы 


where Mande are the mass and charge of the proton, Z and A are the 
atomic and mass numbers of the target element, respectively. The 
thickness t is in weight per writ area. 


(GU о. = | me M = 0.85 ли 


where A. < 1 for sll elements exoept hydrogen. 


92 (tham) = (6)? _ 0.93. 
A 7 


(22) 2 = 8.23 1/2 for lithium; where о їз given in kev, and t 
is in mp/om^. 


Since the stopping power of lithium was calculated to be 


154 кет on 
mg 


we may write: 


(23) © = 0.681 (4k&)!/? where n is in kev and AE is the target 
thickness in kee, From this equation, the following table is 


computed + 
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кәм а Mn 8 
бау 





«Tie 


48 (ew) es) 2 Î sev) 
20 2.9) 6.91; 
15 2.5 5.98 
10 2.08 1.90 
5 1.17 3.16 
h 1.31 3.09 
3 1.1) 2.69 
2 0.93 2.19 
1 0.56 1.55 
0.5 0.16 1.08 


Assuming a normal distribution, the half-width at half maxi- 
mun (Pa) is given by: 


Г. - 1178 o. (АЕ), 


The value of 2[ ів given in the above table for ready 
comparison with the proton energy spread of the bean, which is 
about 1.): kev, for an 0.075 percent energy definition. 

It is nom desired to determine the minimum valve of target 
thickness for which equation (1) my be expected to be valid when 
threshold is to be determined hy extrapolating the linear portion of 
the yield curve to the axis. It is unlikely that a precise theoreti- 


eal treatment can be given. However, an approximate value for this 
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minimum thickness may be obtained by qualitative arguments based upon 
some r&ther crude assumptions, in the following manner. 

The geometric peak is treated as a resonance peak with full 
width at half maximum of the order of 1.) (Ер ~ Sp). It is shown 
(Section 3D of reference (9)) that for a resolution equal to or less 
than the width of half maximum of the resonance peak, tho main effect 
is to depress the peak without changing the slope of the linear por- 
tion of the curve. Applying this condition to the geometric peak for 
a resolution of 2 | , it follows that for 


Г <олағ < 0.71(Ер ~ 8) 


extrapolation to the axis of the linear portíon of tho rise curve 
should still give a good value of the reaction threshold. Although 
the peak has been depressed, there will be no appreciable shift in 
peak position, inasmuch as the geometric peak is only slightly 
asymmetrical. Thus, the value of (Ер - Ет) obtained by extrapola- 
tion is essentially the same value as would have been obtained with 
no resolution, and equation (1h) will be valid. 

The resolution (21 ) used in the foregoing discussion is 
the resultant of energy spread in the beam and straggling in the 
target and will be of the order of the larger of these two reso- 
lutions, considered separately. A slightly better value is obtained 
if it is essumed that these two resolutions add as Gaussians: 
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where |, is tha half-width at half maximum of the energy distribu- 
tion in the beam. Actually, the shape of the energy distribution in 
the beam is largely dependent upon the exit slit width of the mg- 
netic analyzer (private commnication with y, He Preston), departing 
from an approximte Gaussian as the slit width is decreased. 

Applying the foregoing resulis to the specific case of a 2-kev 
target thickness and a l-mm slit width gives: 


sl = Es + aa» ] v = 2.6 keve 


Since [`= 1.3 kev, the condition for validity of cquation (1h) 


Г e 0.7 4Е becomes 
r < lh Кет; 


and this inequality holds for the conditions stated. 

The conclusion to be drawn from the foregoing is that equation 
(1) will be valid for target thicknesses of about 2 kev minimm, when 
the threshold is determined by extrapolation and slit widths of 1 mm 
are used on the Rockefeller generator. 

For Г > 0.7 (Ер - Ел) › extrapoletion to the axis gives an 
apparent threshold energy En! which is less than m, since the slope 


of the curve is decreased. Assuming that the peak position is not 
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en Aen 
shifted because of resolution, equation (1h) becomes: 


(25) АЕ - Ep = y К > Be - Ep! = K = ó Dr 


where $ Ет is the difference between the trus and apparent threshold. 
This could be determined experimentally for various values of resolu- 
tion and target thickness, It is apparent, however, that equation (1H) 
may still be used with reasonable results if the position of Ep is 
accurately known. An accurate method for deternining the absolute 
value of Ер 15 to masure the yield over the "rise" portion of the 
geometric peak of a target which is several times thicker than the. 
proton emregy resolution of the beam (45 ~ 20 kev), using an effec~ 
tive half~angle of the counter, such that Ez = Ep ~ h kev, Equa- 
tion (13a) then applies over the lower portion of the curve there 


the shave is not affected by the relatively small resolution. 


№ o (Е, 2)? 


À plot of ai 3 should thus be linear am its extrapolation to the 
axis should give an accurate value of Ey. The extreme lower portion 
of the yield curve must of course be neglected as it has been dis- 
torted by the incident proton energy spread. 
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VIII. THE CALIBRATED LONG COUNTER 


The use of a calibrated lone counter for determining the thick 
ness of lithium targets is mentioned by Hanson, Taschek, and Williamst, 
Aging of the target cnused by oxidation, contamination, and the like 
causes the geometric peak to shift toward higher proton energies, 
since the total number of atoms has increased. However, the yield et 
proton enerries well above threshold is essentially the same for either 
the fresh or th: aged target, since the mmber of lithium atoms has 
not changed while ths geometric effects tend to disappear with in- 
creasing proton energy. This is attributed to the fact that at pro- 
ton energies greater than Ey, the neutrons are emitted more nearly 
isotrovically in tho iaboratory, and the distribution of neutron 
energies is more nearly uniform over the face of tho counter. The 
change in the shane of the yield curve as a tergot ages is clearly 
shown in Figure 17 of reference (1). 

It is importent to note thet target thickness as obtained by 
a calibrated counter may be used for determining the number of tar- 
get atoms for either a fresh or aged target. However, the targot 
thickness for purposes of determining the neutron resolution (arising 
from this target thickness) oan be obtained with a calibrated counter 
only for a fresh tergot. — the "rise" method gives target 
thickness for purposes of determining the neutron resolution (arising 
from target thickness) for both fresh or aged targets; whereas it leads 
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to a determination of the number of target (lithium) atoms only for 
fresh targets. Hence, the necessity of vsing fresh targets is appar- 
ent when ore desires to calibrete a counter in terms of counting 

rate per unit target thickness, if thickness is determined by the rise 
method for the purpose of calibration. 

A measurement of tho thickness of a fresh target by the "rise" 
mothod followed by a measurement of the yield at a proton energy 
above 1930 kev in a region where the cross section is nearly constant 
serves to calibrate the counter in terms of counting rate per mit 
target thickness. me my select a region of nearly constant cross 
section either above or below the 2.2h-Mev resonance. The region 
above the peak should give better results as the geomtric effect is 
less pronounced than in the region below the peak. 

A calculation will be mde to determine the linearity of 
neutron yield with respect to target thickness for various counter 
positions far an incident proton energy (Ey) of 1960 kev. This 
particular value is selected not only because the cross section will 
be nearly constant for all possible E values within targets of thick- 
ness 0 to 30 kev, but also because equation (8f) will aply through- 
out since E Ер for all possible E values within the target. 


Eo 
(8ғ) NS = if Da e Ob, ear E2 Er 


Eg-AE 





U in eisern ge WH "Hm 
Та: 
— — — — 


Las mime ж олымен mn no dm A OY ap 
amma u ma г нба) eme IE An e 97 
— — —— — ыз т/ж əл. жа 

chee! ot clit vmm Ú ¿Mu zie mit аЙ СЛ mtm m 


- 
"mc ‚ «ж «т * В э 3 .» 
— 


-37- 


and since om is nearly constant: 
Eo 
(26) № = 2 | G4 dE. 
Егу) 


Ав the proton energy increases, Da approaches a limit which is 
constant for & given half-angle of the counter. Thus, the counting 
rate (No) approaches (oZ G3) АЕ = const ДЕ. 

If, however, we evaluate No at Eo = 1960 kev, 


Eo | 
1/2 
> £2 + 1-272 sin?e E 
(27) Wç el [: cos Q ( — ЕСЕ 
Eo=AE 
+ om е (вала 1/2 м | dE 
Sen, US. 


Another farm of the expression for 03 is used here (equation 
36e of Appendix A): 





03 o 0.02 (sin Ol, ^v 0.25 -i 2 
no", 


Therefore; 








213 sin? & ( | ^^ 0.125; hence, only two terms are 
mom. Е-Е пах 


needed in the series expansion of the brackets containing this factor: 


Eo Bo 
2 n- 
a Sila. cos 9 sin 9 / MB) _E _ar 
(28) н, ; |в соз J| dE + i ( | p 
Ео-АЕ GË 


Бо 
+ sin? © (831/2 T (Ey dE 
Hom, 





Е = Ет 
Ég-AE 
First integral: 
Bo 
dE = As 
Бо-АЕ 
Second integral: 
Ep Eo 
rig e enda] sanb [haa | 


Е-Е Ео-дЕ 





-- 


Third integral: 


Eo 
] — М dE = вом 2 | —4 since El 4s 
- Ет (E — Ep)1/? 
Бо-дЕ 


nearly constant over the range of integration. This is readily 


integrated: 
Eo Eo 
e 1 
g 1⁄2 E и) 
(E = Ep)1/2 
Ео-АЕ E AE 


° ee, MI ЕС вр) - о - № - ay] 


Neglecting all terms except the first two in the expansion of 


[E = Ep) = АЕ Т” , one obtainsı 





51/2 k. 2 AE 
(в - 51) 1/2 (1 - ву/„)1/? 


Бо-АЕ 









m2) 


> 2 
man Sne AECH uA 


+ (1 = Ep yl sin? е (mm? ] AE 
Eo mon, 


+ == (123) Em la | Bo = Er ) | 
mom, Eo = Em = ДЕ 


(30) W. = = dÉ = сов Ә + 0.01032 соз 6 sin^0 + 0,71850 sine ] ДЕ 


% 19.385 Lo LB "eng © зіп? $ | 


78 = àE 


Equation (30) is evaluated for various @ and various АЕ in 
Tables VI through VIII, the final results being displayed in Table 
VIII, From this table, it is seen that the counting rate per unit 
target thiclmess is practically constant for any given half-angle of 
counter. The results expressed in Table VIII aro plotted to rive the 
curvo of ligure 2. Тһе linearity of counting rate with respect to tar- 
get thickness for a given half-angle of the counter is displayed in 
Tables VIT (A). 


Neutron Counts / Microcoulomb /Kilovolt 


` ANGLE OF COUNTER. 
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IX. THE EXPERIMENT AND RESULTS 


The purpose of the experiment was: 

l. To determine the effective half-angle of the long 
counter used in this laboratory (7.5-1nch paraffin diameter completely 
shielded with cadmium to reduce background of thermal neutrons) аз а 
function of the distance from the target. With this counter there my 
be a slight dependence on target thickness; 1t was desired to check 
this point, 

2. To apply equation (1) to experimental yleld curves 
of targets of several known thicknesses for various counter positions 
1n ordor to check the validity of this equation. 

A convenient method of determining the effective half-angle of 
the comter for various positions is as #011058: Adjust the values 
of target thickness end counter half-angle to obtain a best fit be- 
tween the thooretionl yield curve? (equations 12 and 13 apply) and 
the experimental curve for one relatively large half-angle of the 
counter. <A calibrated counter placed successively at various distances 
from the target will give a set of relative comting mire per unit 
target thickness. These relative counting rates, in conjunction with 
Figure 2, determine a family of possible curves of effective half- 
angle versus distance from the target. The correct curve is selected 
from this family by using the value of Qg¢¢ found in fitting the 
theoretical and experimental curves, as mentioned above. 
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Three lithium targets of various thicknesses were prepared by 
evaporating the mtal in vacuum onto a tantalum backing rotating ec- 
centrically with the beam axis. This anparatus is mounted on the 
beam exit tube of the Rockefeller generator, making it unnecessary 
to expose the target to the atmosphere at any time. The need for 
fresh targets in correlating target thickness by the "rise" method 
and by calibrated counter is discussed in Section VIII. 

An experimental yield curve was determined for each target 
and for each of the following distances from counter to the target: 
39.h, 18, 11, and 7.5 inches. (The 1l- and 18-inch yield curves 
were omitted on the third target because of lack of tim.) 

The frequency meter normally used for selectinz the desired 
proton energy was inoperative оп the day allotted to this experiment. 
The standby frequency meter, which was used, had an indeterminable 
frequency drift that caused the nroton energy to be in error by a 
varying amount up to 3 kev maximum. Because of this, the yield 
curves from two of the three targets were comletely unreliable 
from the viewpoint of this experiment. The remaining target gave 
reasonably smooth curves, but they are not considered to be accurate 
enough for determining the effective half-angle by fitting a theo- 
retical curve. The yields obtained age tabulated in Tables I (A-D) 
and the experimental curves are presented as Figures 3, h, 5, and 6. 
In the regions of interest, enough counts were taken so that the 
stendard deviation could be neglected. 
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A regulated high-voltage supply vas the source of the 2250 
volts applied to the BF} detector. (This voltage corresponds to 
the center of the plateau for that particular counter.) The count- 
ing rate with a П2-Зе standard source on ton of the counter was 
deterrinod at intervals over a period of three days and never varied 
more than 2.6 percent. 

The BF} detector was a Yodel 3 hd Mark 2, manufactured by 
Radiation Counter laboratories. The output pulses were fed through 
a preamplifier to a Model 100 emplifier, thence to a Model 1050 
moltisealer manufactured by the Atomic Instrument Company. The 
diseriminator is an integral part of the comlete multiscaler unit. 

Comte were taken for an integral number of micrecoulorbs 
of charge on the target. if the beam current changed appreciably 
during a run, the count wae repeated. 

Packerovnd wes srall enough to be neglected throughout this 
experiment. 

In an attempt to derive from this experiment some information 
that would be of imediate use to this laboratory, it was decided 
to proceed with the assumption that equation (1h) is valid am to 
select that particular curve from the family of possible curves of 
effective half-angle versus distance from the target which would 
produce the observed shift 1n peak position at the various counter 


positions. 
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Since the yield is slow varying in tha vieinity of 1960-kev 
proton energy, the counting rates are hardly affected by the fre- 
quency drift experienced and may be used for all three targots. 

In Table VIII, it is shown that the counting rate рог wmit target 
thickness is independent of target thickness for the counter half- 
angles used. An average value of counting rate per unit target 
thickness for the three targets is calculated, and the relative 
counting rate deterwinede 
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TABIE I (A) 


Experimental Data 


Counter at 0°, 39.4 inches from Target 


Frequency 


Tarcet (Megacyciles ) 

No. ? 10.568 
„70 
71. 
elt? 
76 
«479 
„182 
„165 
87 
«189 
91 
.1,95 
500 
„680 


Nos 1 10.680 


Мо. 3 10.680 


Counts 
,8 
507 
2), 38 
5566 
71,87 
8923 
1000), 
10967 
22508 
221,28 
21181 
19523 
8319 
9382 


8,31 


21,297 
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ТАВІБІ(В) 


ntal iata 


Experime 
Counter et 0°, 18 inches from Target 


Frequency 
Target (Mopacyeles ) 


Хо. 2 10.478 
181. 
„382 
el A 
«196 
„188 
«190 
‚1192 
19ء‎ 
«h95 
«1198 
500 
„502 
„510 
„СВО 


No, 1 10.680 


Ко. 3 10. 620 


Comt 


205 
017 
9951 

20569 
2635 
33213 
39150 
1730 
kän 
11,300 
15990 
5287 
162 
31790 
1753, 


25320 


yCovlombs 
ho 
ho 
1,0 
ho 
ho 
40 


ho 
40 
ho 
ho 
ho 
ho 
40 


80 
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TABLE I (GC) 


Experimental Data 


Counter at 0°, 11 inches from Target 


No. 2 10.78 
180 
of 83 
„85 
„Ц89 
«193 
496 
198 
«500 
„502 
„506 
„680 


Мо. 1 10.620 


Ко. 3 10.680 


20 
20 
20 
20 
20 


20 
20 
20 
20 
20 


80 





44 К 
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TABIE I (D) 


Experimental lata 
Counter at 0°, 7.5 inches from Target 


Target — Lesen) Counts uloulombe 

Хо. 2 10.4855 Ge H 20 
88 11370 20 
.,91 29869 20 
19) 17787 20 
197 62822 20 
„99 6822), 20 
.501 12561 20 
„503 81286 20 
.505 06557 20 
507 85522 20 
‚509 81755 20 
„511 82615 20 
515 73769 20 
660 33912 40 

No. 1 10.630 19807 ho 








3 


ги 





- 





ТҮТТІТЕЕ 
+ 





енін 
ө 
' 


| | | | | 2 Е 
, 
< 


уу» 


Neutron Counts /Microcoulomb x (4 хІ0:2) 
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Frequency (Megocycles) 
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Figure 3 


Neutron Yield from Li? (p,n) Be? 
Target Thickness 644 Kev 
Distance from Target to Counter = 39.4 inches 








Neutron Counts /Microcoulomb x(4 ХЮ) 
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Figure 4 


Neutron Yield from Li’ (p,n) Be’ 
Target Thickness 6.44 Kev 
Distance from Target to Counter = 18.0 inches 





Neutron Counts/Microcoulomb x(2 xIO^?) 
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Frequency (Megocycles) 





Figure 5 


Neutron Yield from Li? (p,n) Be? 
Torget Thickness 6.44 Kev 
Distance from Target to Counter = 11.0 inches 





Neutron Counts / Microcoulomb x(2 xIO? ) 


0470 10480 050 Ю 
Frequency(Megocycles) 
Figure 6 


Neutron Yield from Li? (p,n) Be' 
Target Thickness 6.44 Kev 
Distance from Target to Counter = 75 inches 
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Distance Counts ver 80 ¡¡Coulombs at 1953-kev Proton Energy 
— | 1. Тат 2 Target 3 
39." 6131 1691 21,291 

18.0 25320 1153) - 
11.0 61,856 10968 - 
7.5 9961, 6182); 351592 


білсе the counting rate por unit target thickness diould be 
constant at any given distance from the target, tho number unity 
is arbitrarily assigned to the values obtaining at 39. inches and 
the ratios calculated with reference to 1%. 


Distance Relative Counting Rates per ¡nit Target Thickness 


Target Target 1 Target 2 Target 3 Average 
39.h" 1 1 1 1 
18.0 3.9h 3. 1h - 3.9) 
11.0 10.08 8.73 - 9.41 

7.5 15.49 2.46 Ahh 1.81 


These average relative counting rates are rBintained but are 
normalized to fit the curve of Figure 2 so that the effective half- 
angle has in succession the values 3%, 10, and 50 at 39.l inches 
from the target, 
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5 БЕ Ratio ors patio — "eff там, ert 
39.1" 1 ‚361 3.0 .63 ë i 5 
18.0 3. 8h 1.386 5.8 2.12 7.7 3.8 9.8 
11.0 9.1 3.397 9.2 5.93 12.2 9.4601 15.5 


7.5 3.81 | 5.316 11.6 9.33 15. 315.82 19.6 


From these values are drawn the three curves of the family of 
curves of effective half-angle versus distance from the target (Fig- 
ure 7). 

The difference between the peak and threshold positions in 
kilocycies is taken directly from the yield curves. These frequency 
differences (AF) are converted into proton energy differences by 
the relation: 


SE 


F 


àF 





(31) (Ep = Ер) kev = 


Ar 


where SE/SF = 0.3575 kev/kc. Zog ûF іп kilocycles and a proton 
energy of 1982 kev. Target thickness is taken as the value of the 
proton energy difference between the peak and threshold (E. - Er) 
with the counter at 39.l inches in accordance with equation (1), 
since the correction term (K) is negligible in this case. Entering 
Ficure l with the value of target thickness (aE = 6.lıl kev), one ob- 


tains a value of Grr for each value of E, = Ep. The results follows 
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Distance 
from 2 
Target AF (ke Ep ~ Er Bert 
39." 18 Gell = ДЕ - 
18.0 18 бө = 
11.0 19 6.80 що 
1.5 20 1.15 189 


The values, Grr = U:°, 18° are plotted on the family of 
curves in Figure 7. The most probable curve is noy drawn through 
these two points, giving the best value of the effective half-angie 
of this particular counter for any counter position between 7.5 and 
39. inches. This curve my be extrapolated to som extent in 
either direction. 

The following table may be of assistance in applying the 
above results to a long counter with paraffin diameter slightly 
different from the 7.5-inch diameter used in this laboratory. 





Тап Ө 9 
Distance (d) в 3.75/а (Actual) Gef? 
39." 009525 5.139 h.69 
18.0 „20833 11.77? 9.00 
11.0 „3091 18.029 Щ.09 


7.5 «50000 26.570 18.00 
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; \ Figure 7 
AN EFFECTIVE HALF-ANGLE OF 
| THE COUNTER vs DISTANCE 
Е FROM THE TARGET 
\ 
30 | 


—— —- Possible curves of a family 
| 


Most proboble curve as 
\ determined by the 
\ р d experiment. 





Distance (inches) 





IO I5 
O eff (Degrees) 


20 25 30 





X. APPLICATION OF EQUATION (14) 


The determination of target thickness, as given by equation 
(31), consists of four steps: 

А. Determination of the effective half-angle of the 
counters This value my be taken directly from Figure 7 when using 
the lone counter emloyed in this laboratory. 

В. Determination of the reaction threshold by either 

l. Extrapolating the lower linear portion of the 
curve to the axis; or 

2. A supplementary exverirent using a target of 
about 20-kev thickness and an effective half-angle of about l de- 
erees after the method described in Section VIT. This method is 
useful only if the proton energy is very closely controlled &nd 
measured so that measurements of the threshold value may be dupli- 
cated within very narrow limits. 

С. Measurement of the energy difference between peak 
and threshold (Ep =~ Er) directly from the experimental yield curve. 

В. Unter Figure 1 with the appropriate values of ғғ 
and Ep - ET to get target thickness directly. For endoergic reac- 
tions other than the 14 (p,n)pe? reaction, target thiciness must be 
caleulated by equation (1h). 

One may also use Figures l and 7 for selecting a suitable 
counter position, assuming that a rough estimate of target thickness 
is available, either from past measurements of thickness or by visval 
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inspection. In this connection, the lower dashed portions of the 
curves in Figure 1 should be avoided, as the peak position is not 


very sensitive to target thickmess in these regions. 
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XI. CONCLUSIONS AND RECOMMENDATIONS 


As a result of this study, it is concluded that the most 
accurate value of target thickness will be obtained by fitting a 
theoretical yield curve to the experimentally determined curve as 
described by Bonner and Butler? and discussed herein. However, the 
method described in this thesis should glve very good aporoximations 
of target thickness with but little effort from the very manner in 
which the effective half-angle of the counter has been assigned. 
The ability to measure the target thickness by the rise method for 
various counter positions is certainly an advantage as higher coumt- 
ing rates can be obtained with the use of a loner beam current; 
hence, the effects of apeing of the target while measuring the 
thickness will be decreased. This could be important when using 
thin targets, as they are subject to considerable thickening after 
only a few hours of use (Hinchey, Preston, and Stilson, unpublished 
data). 

The information presented in Section VII dealing with proton 
energy resolution leads to the conelusion that this method cannot 
be expected to give nearly so good results for thicknesses of less 
than t"o kilovolts as would be expected for the range from two to 
twenty kilovolts. 

To extend the results presented in this thosis, the follow- 


ing recommendations are mde: 
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А. Perform the experiment outlined in Section IX 
in order to: 

1. Obtain a more accurate value of effective coun- 
ter half-angle 1f possible. 

2. Determine whether the effective half-angle 
varies with target thickness. Any such dependence should be small 
and could be presented as a family of curves similar to the curve 
of effective half-angle versus distance of the counter from the tar 
get (Figure 1). 

3. Check the accuracy of the results presented 
herein for various counter positions ani target thicknesses. 

Be Perform a series of experiments to determine the 
difference between the actual threshold and the apparent threshold 
as determined by a linear extrapolation to the axis. This informa- 
tion would be particularly helpful when using very thin targets 
(less than 2 kev). 

С. Determine the optimum dimensions and properties of 
a counter to be used specifically for measuring target thickness. 

In this connection, consider the fact that the counter will be used 
for endoergie reactions other than the 14!(p,n)Be! reaction. 

D. Make calculations for the T3(p,n)He? reaction similar 
to those presented here for the 147(p,n)B0 7 reaction, inasmuch as 
tritiwn targets are commonly used in this laboratory as eae neutron 
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APPENDIX A 


MERIVATION OF G 


In deriving the exoressions for the fraction G of neutrons 
from an elemental thickness of target which enters the counter, 
Figure 8 applies throughout. The bagic assumption is that the 
neutrons are emitted isotropically in the center=of—mss system. 
Sphere A represents the locus of neutron veloeity vectors (V,) 
in the center-of-mass system, The velocity of the center of mss 
(Vem)is then added to each point of sphere A to obtain sphere P 
which is then the locus of neutron velocity vectors in the labora- 
tory system. The counter subtends a solid angle at the target in 
the form of a cone, the half=angle (half of the apex angle) of 
which is designated by 9. If sphere B Mes entirely within this 
cone, then all of the neutrons will strike the counter. If the 
velocity of the center of mass is less than the neutron velocity 
in the center-of-mas system, then neutrons from an area Ay on the 
sphere B will strike the counter. For the situation intermediate 
between these two, there will be a high-energy group of neutrons 
from area Ан and a lower-energy group from area Ay, intercepted by 
the counter. Tho number of neutrons in the groups has the same 
ratio to the total number of neutrons as the area in question 


bears to the total area of the sphere. 
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The following swemry is given to clarify the three 


situations: 


тг 


93 


Gel 
н 


proton energy (instantaneous) 
Бо = proton energy (incident upon the target) 


Ey = proton energy (threshold) 

Eg = proton energy (v = ©) 

E, = proton energy (y = 1/2; Vn = Vem) 

G = fraction of neutrons entering the counter. 
—t h... —— ees 
Ep < E< E, ү< 8 All neutrons strike counter 


Ë, < E < E; 8 < y < r /2 Two groups 


Ey, < E y т One group 


Vn æ neutron velocity in center-of-mass system 

Vem = velocity of center of mass 

Aq r = area on surface of sphere B through which 
pass the high- and low-energy groups of 
neutrons respectively, which are intercepted 
by the counter. 
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۶ in 9 
зїп (т=@) sin 9 sin 7 5 
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в „Ой. sin 6 
Therefore sin d in 


ти рча. a 
cos Y = |= сда) sin 89 


? (4. oo V 
Área 1 Ay T, = 21 Yn (1 Gos н,1) 
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= ¢ 9 — sin f sin 8 
— PTT (A + 9) = cos Z cos 


1/2_ Jem sin? Q 


¥ 2 2 ] 
" cos 9 BED sin* 8 © 
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сов V ү = cos (@- 9) = eon Z cos @ + sin Z sin 9 


“em 1/2 Vem 2 
= соз Ө È - (-----) sin“ Ө | 





1/2 
o = 1/2 {2 = cos o (3- ца sin? o] em вы? о } 
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+ 1⁄2 $ {1 esse K as? o] V Ten и? а) 


n Vn 


(32а) G s él + 3 ° a ” ° è è ° H 3 for EZ Be 


1⁄2 
(32) 0 = 02 *1-co 8 | 1- (-.S8- y sino] for E. < E < Ey, 
n 
(320) G = 63 = 2/2 (es D rei in o] 


+ a oun? ә}. = * е s for E 7 Ey 
n 


When Vn = Vem, G2 = 63 = sin? 6. 


let ту = projectile particle mes 
То = target particle mss 
m3 = resultant particle mass 
m, = nrodvct nucleus mass 
Q - Q-valve of reaction (negative fer endoergie reactions) 


Ү) = projectile particle velocity in laboratory system. 
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If Eg is defined as the proton energy at which the solid 
angle of the neutron cone is equal to the solid angle subtended 
at the target by the counter (1.0., y =0at E * Eg), thens 


anto «(ay . MM 4% 











Vom mm3 Be 
E Ет 
(37) CR 
, 1-13 sin’ 9 
mom), 


Eg Values are calculated for various © (for the Li(p,n) 
reaction only) in Table II, Appendix B, and presented as a curve 
in Figure 9. 
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APPENDIX B 
COMPUTATIONS RELATIVE TO THE 147(p,n)Be? REACTION 


The following values will be used in connection with the 
I4! (p,n)Be" reaction: 


Ep = 1.882 Mev 

Q = -1.6456 Mer 

m = mp) = 1.007593 
м = т(147) = 7.01659 
my = m(n) = 1.008982 
m, = (Ве?) = 7.01697 


The threshold and Q-values are those determined by Herb, 
Snowden, and sara”, While the nuclear mss values are from a com 


pilation used in this laboratory (from numerous sources). 


m +m = 5.004183 
ту 03 = 1.0166; 32 
22 = 0.02061,87 
т 7), 
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(42) E * РТ = 1921.68 kev = Er + 39.68 kev. 
а. 23 а 
mar, 
Br 19.82 
(h3) EQ P e — n DV, 
1 - 22 sin? 9 1 = 0.020487 sin? Q 


a$ 


Equation (h3) is wod for oonputing Ee (Table II) for effec- 
tive half=angles of the counter up to 30 degrees, and the results 
are given аз the curve of Figure 9. 

Values of k for various half-engles of the comter ere cal- 


culated from the relation (equation 38): 


ка (1- mins sin әу? cos 8 = (Т уе соз 9. 
m, Те 


These k values are given in Table III for later use in other compu- 
tations. 
In Table IV is the computed value of 


h(E, = Ep) 
К? + 1/2 -2 
used in Section VI for determining the region of the geometric 


peak. 





«т 


Tables Y (A-0) includes the calculations for the correction 
term K and target thickness JE for various values of the proton 
energy difference between the geomtric peak and threshold (E, - Ep) 
according to equation (1i): 


(ш) а = Bp = Bp = K 
2 
wer xr* [G,-20V* - x, - 5) V? | 
` Curves of AE versus (É, - Ep) for values of @rr fren h to 


28 degrees are constructed from the results of Table V and presented 
as Figure 1. 
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TABL II 


Evaluation of £, for various effective half-angles of the counter 


RR RR e e we E ww Sp РВ 


sin? 0 
2001218 
. 002739 
+ 001,866 
001597 
010927 
011,852 
019368 
021,70 
03015): 
«0361108 
+0) 3227 
.050603 
„05853 
«07598 
«09519 
«11698 
24033 
4165, 
419217 
22050 
25000 


(Equations 37 and h3) 


‚020681 


sin? Q 


«000025 
. 000057 
«000100 
000157 
„000226 
«000307 


. 000,00 
000505 


0000623 


«000752 


000893 
.0010}5 
001269 
«001569 
-001972 


.002)15 


.002898 
.003h36 


«003968 
«005551 
005162 


E/E. 


«999975 
999913 
999900 
«999813 
4999710 
999693 
«999600 
«9991195 
«999377 
999218 
.999107 
«998955 
„908191 
998531 
„998028 
997585 
2997102 
«99658 
„995032 
995,9 
„99838 


Е. (кеу) 


1832.017 
1882.107 
1682.188 
1882.295 
1882.25 
1882.577 
1882.753 
1882.950 
1883.173 
1883.46 
1883.682 
1883.968 
188): ,278 
1881, .957 
1885.718 
1886.556 
1887.169 
1888.50 
1889.197 
1890.60 
1891.765 
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Figure 9 
COUNTER HALF-ANGLE (9) 
versus Ec 
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29 


30 





BES 


16 
18 
20 
22 


26 
28 
30 


s со -3 Qv му & Ww г "m. 


ТАВШ ПТ 


~7 


Avalvation of k as given by Touation (38) 


вар (а/ы) 
. 7 .99998 
„107 9999) 
2180 „99990 
„295 99981, 
‚25 «99977 
4571 „99969 
„153 „99960 
„950 „99950 

1.173 „99938 

1.416 «99925 

1.682 „99911 

1.968 „99896 

2.278 „99819 

2.957 99815 

3.118 99803 

1.556 99159 

5.69 99710 

6.150 99658 

1.597 „99603 

8,60% „9955 

9.765 „991 ви. 


(Съ/Ке М е 


-99999 
-99997 
99995 
„99992 
«99985 
9998); 
«99980 
492975 
99969 
.99962 
99955 
99918 
»999h0 


| e99921 


99901 
«99879 
„99855 
«99829 
‚99801 
„99772 
99752 


сөз 8 





«99939 
„99863 
„99756 
«99619 
«99152 
„99255 
„99027 
98769 
9981 
„98163 
„97815 
97537 
«97030 
„96126 
„95105 
«93959 
092713 
«91355 
89879 
.88295 
„85603 





„99938 
„99860 
„997151. 
„99611. 


„99239 
„99007 
„981 
„98450 
„98126 
«91771 
97396 
96972 
„96050 
«95012 
093855 
09258 
491199 
«89700 
‚88091, 
‚86380 
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TABLE IV 


Evaluation of R ® h(BguBp)/(k41/k2=2) (Section VT) 


Note : 


cl, 
99876 
«99720 
„99503 
99221 
98881 
299,0) 
«98021 
9750) 
„96925 
096287 
«95592 
91811 
9:033 
92257 
090273 
„88089 
«85718 
„83172 
„8062 
“77605 
71613 


К апа (Бе = FF) are evaluated in Table III 


Lë (dä) не) Е n 


1.0012) 
1.00201 
1.00995 
1.00782 
1.01129 
1.01539 
1.02016 
1.02560 
1.03173 
1.03856 
1.05611 
1.051:h0 
1.06 31:6 
1.08393 
1.10775 
1.13522 
1.16662 
1.20233 
1.2.282 
1.28858 
1.31025 


0 


«00023 
Aero lie) 


«00098 
«001113 
000203 
00221. 
.00379 
«00650 
0101,3 
«01611 
202380 
03:05 
«Ql Th: 
«061,63 
.08638 


0 


.0000025 


. 000005 
„000015 
«000033 
«000058 
000100 
-000160 
00021,5 
000358 
“0090508 
¿000703 
0009,8 
2001625 
«002620 
«001028 
«005950 
.008513 
.011850 
«016158 
021595 


0.047 
0.107 
0.188 
0.295 
0.125 
0.577 
0.753 
0.950 
1.173 
1.126 
1.682 
1.968 
2.278 
2.951 
3.718 
1.556 
5269 
6.150 
7.1497 
8.60% 
9.765 


QO 


1,2800 
31600 
19667 
12878 
99,8 
7530 
5937 
4788 
3955 
3311 
2799 
21,02 
1819 
1419 
1131 
919 
151 
632 
532 
452 
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TABIZ V(A-0) 


Evaluation of the correction term К and target thickness 4E in Eqmtion Ui 


1 1 7 
arr (Ep) (Een)? (ЕрЖе) (Epe)? k(Ep-Ee y 


l 


for an effective counter half-angle Saff of l-28 degrees 


2 


na Б = к м S e o & 


со E 


16 
20 


1.11121 
2.00000 
2.82813 
3.4610 
l; «00000 
l; «4722h 
1.11421 
2.00000 
2.82813 
3.16510 
lı . 00000 
1 47214 
1.11521 
2.00000 
2.8283 
3.1610 
1, 00000 
1.4721 


1.812 
3.812 
7.812 
11.812 
15.812 
19,812 
1.247 
3.217 
7.247 
11.217 
15.217 
19.247 
0.318 
2.318 
6.318 
10.318 
11.318 
18.318 


1.345617 
1.95215 
2.79500 
3.113685 
3.976 
| 52108 
1.11669 
1.80193 
2.6920 
3.35365 
3.90177 
4438712 

„56392 
1.52219 
2.51355 
3.21216 
3.78388 
1.27999 


1.34282 
1.9.759 
2.7880) 
3.1,2829 
3.9665) 
h 1000 
1.10560 
1.781 01: 
2.66531 
3. 32035 
3. 86600 
1.34356 

‚55135 
1.8855 
2.45752 
3.14056 
3.6995, 
lh. 18159 


1 


x2 


.07139 
0521,1 
«01,039 
„03581 
03316 
„0321, 
30961 
21596 
„16312 
14315 


K 
„005 


вето 


16 


1.9 


20 
1.3 
3.7 
7.9 

11.9 

15.9 

19.9 
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1l 
Serr (Ep-ET) (Ер-Ет)® (Ер-Ее) 


16 


20 


2l 


28 


h 
8 
12 
16 
20 
5 
8 
12 
16 
20 
8 
12 
16 


2.00000 
2.82813 
3.16510 
1.00000 
h.l 723l 
2.23507 
2.8283 
3.16.10 
1:. 00000 
1.4721 
2.82813 
3.1610 
lı . 00000 
4437214 
3.16278 
3.5610 
1.00000 
1.7224 


TABIE V(A-G) 
(Continued) 

1 

(pei )2 
1.0h3 1.02127 
5.03 2.2569 
9.003 3.00717 

13.003 3.61151; 
17.013 — h.12832 
О. ‚66633 
Zeid 1.85580 
Tekh 2.72836 
21.08 3.38289 
15 hhh 3.9298), 
1.550 1.21195 
5.550 2.3558); 
9.550 3.09033 
13.550 3.68285 
1.396 1.18152 
3.396 1.81282 
7.396 2.71956 
11.396 3.37580 


Th 


l 


1 
(краве)? к к 


0.98093 1.01907 1.039 
2.15699 „67 .451 
2.88839 „57571 .331 
3.16886 „531Щ 282 
3.96525  .50689 „257 

„625386 1.61069 2.59h 
1.74176 1.08667 1.181 
2.56070 .903h0 ,816 
3.17501 .82h99 .661 
3.68835 .78379 .6Ш 
1.13538 1.69305 2.867 
2.1850 1.31560 1.731 
2.81835 1.18165 1.396 
3.35872 1.1132 1.210 
1.01085 2.12193 11.503 
1.6231 1.8!;069 3.3988 
2.39577 1.6023 2.57; 
2.97388 1.19826 2.215 


АЗ 


3.0 
7.5 
11.7 
15.7 
19.7 
2.1 
6.8 
12.2 
15.3 
19.li 
5.1 
10.3 
1.6 
18.8 
5.5 
8.6 
13.1 
17.8 
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TABIE VI (A) 


Evaluation of terms included in equation 30 


Cos 9. 
„99863 
„99619 
„99255 
‚9881 
97,37 
„96126 
„93969 
«91355 


.0027h; 


. 01,85 
„03015 
„05060 
07598 


«16555 


Cos 6 


Sin? 9 


. 0027): 
200757 
014 7h 
e 
«05930 
«0730 
„10992 
«15113 


„71950 
Sin? e 


00197 
00546 
„01099 
„02199 
«03636 
.О5Ц59 
» 081,05 
. 11886 


19.385 
Sin? Q9 


.05311 
«1h67 
„28513 
5755, 
„95568 


1.1588 
2.13080 
2.92966 
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àE (kev) 
1 
2 
h 
8 
12 
16 
20 
2h 
28 
32 
e^ 
3 
5 
1 
10 
13 
16 
20 
2l, 


«T9». 
TABIE VI (B) 


Zn(18 = AE) bn 78 = 2.078 =E) 
h. 35381 01290 
1. 33073 ‚02598 
lj. 30h07 0526); 
1. 24,850 „10821 
518965 26706 
№.12713 ‚22958 
1.0604: „29627 
3.95898 36773 
3.91202 «1169 

3.8286}, «52807 
TABIB VI (C) 
(2/0 2 Ma 


.00337 a8 + 0.05311[ An 78 ben - ac 


«00935 АЕ % 0.1467) 
.01859 AE + 0.28573 
.037h9 AE + 0.5755h 
206250 AE + 0.95568 
409108 AE * 1.11588 
1540 AE + 2.13080 
20687 AE « 2.92996 
Evaluation of terms appearing in equation 30 


t 


м 


| 











em (5 
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-- p 


— — AE — 
— — э тш. 


— د“‎ 
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^to ad mrt w ra = lo m deal mS 


ВЕСЬ 


-Bo- 


TABIE VII (А) 


Evaluation of equation 30 for & counter half-angle of 3 degrees 


омыр ee pube AAN MI E A ee > 


.00337 
00671) 
«01348 
02696 
-Ohalik 
005 392 
06710 
08088 
«09436 
410781 


00069 
000138 
000280 
00575 
-00873 
„01219 
„01573 
„01953 
02362 
02305 


т aa | | “Saga 


200106 
„00812 
„01628 
03271 
0917 
„06611 
„08313 
10051 
11798 
13589 


1.000 
2.000 
| 001. 
8.057 
12.111. 
15.283 
20.175 
2h 732 
29.059 
33.1170 


2 


[o пат 


«001,06 
004,06 
. 00407 
—R 
«COL 10 
200413 
00416 
«0018 
00,21 
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TABLE VII (B) 


Evaluation of equation 30 for a counter half~angle of 5 degrees 


20093508 UT (T/T) (2/0-2)Mg © (2/02/58 


FS RK @ m= № 


в 3 


«00935 000189 0112) 1.0000 0112), 
01270 00381 009295: 2.003 „01126 
02740 00772 „0,512 X „01123 
07,90 01588 409068 3.068 0113); 
11220 02551 .13671 12.163 „01139 
«1,960 .03369 .18329 16.307 .011h6 
19700 00347 “230,4 20.50) 01152 
22110 05396 27836 65 01160 
„26180 «©5525 432705 29.097 01168 
029920 «07719 „37669 33.513 .01177 
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TABLE VII (C) 


Evaluation of equation 30 for & counter half-angle of 7 degrees 


AE #01859 AE „20513 Йї(18/18-%Е) (ie ac 1(2/0-2)MG/0E 


1  .01859 200369 „02228 1.0000 .02228 
2 „03718 0072 060 2.002 02230 
h «0736 01501) 08980 4.013 02235 
8 A872 «03092 .1796h 8.063 022117 
12 222308 » 04773 „271081 12.155 «02257 
16 297 «06560 „3630 16.29) 02269 
20 .37180 „08065 5615 20.187 02282 
2h 1,616 „10507 055123 21,711 .02298 
28 .52052 12706 «61758 29.066 02313 
32 .59188 15089 «71,577 33.473 02331 
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TABIE VII (D) 


Evaluation of equation 30 for a counter half-angle of 10 degrees 


AE «03149 АЕ 25755k /n(78/78-05) (2/o-Z)No Wo {2/0 ZMe/AÆ 
1 .037h9 00712 «091 1.0000 .0һ91 
2 07198 0195 408993 2.002 01,97 
214996 .03030 18026 1.01%); 01,507 
8 .29992 „06228 .36220 8.065 „01528 
12 11988 09615 «51603 12.158 201550 
16  .S5998h 013213 13197 16.299 00575 
20 o 74.980 „17052 092032 20.493 „0,602 
?h „69976 2116), 1.11340  2h.7h7 0,631 
28 1.04972 «2559 1.30566 29.073 „@;663 
32 1.19968 «30393 1.50361 33.181 01,699 





Evaluation of equation 30 for a counter half-angle of 15 degrees 


„Alm 


TABIE VII (E) 


) 


06250 АЕ .95568 £n(78/78=05) (2/c-Z)Ne _Ne  (2/o-Z)Nc/AE 


«06250 
„12500 
„25000 


«50000. 


75000 
1.00000 
1.25000 
1.50000 
1.75000 
2.00000 


„01233 
021,83 
05031 
10341 
„15966 
.219h1 
2831), 
„3513 
2598 
50h67 


07,83 
14983 
«30031 
«6031 
‚90966 


1.2191 


1.5331) 
1.85143 
2.17198 
2.50167 


1.0000 
2.002 
4.013 
8.064, 


12.156 
16.296 
20.188 
2.712 
29.066 
33.171 


07183 
.071:92 
.07508 
.075h3 
007581 
07621 
„071666 
0771) 
07168 
07827 
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TABIE VII (F) 


Evaluation of equation 30 for a comter half-angle of 16 degrees 


«091,08 
.18816 
„3763? 
„7526 
1.12896 
1.50528 
1.88160 
2.25792 
2.6312), 
3.01055 


01826 
03678 
07553 
15321 
02365); 
„32506 
1198 
„52066 
„62963 
«11,768 


.1123h 
2219); 
„15085 
„90585 
1.36550 
1.8303k 


2.30108 
2.77858 
3.26387 
2.7582), 


2.002 
h.013 
8,063 
12.156 
16.293 
20.453 
2h «15l; 
29.053 
33.45; 


.0908 д8 1.1168 Йа(75/170-АЕ) (2/0-2)н Na (2/0 mei 


1.0000 


„1123 
112,7 
11271 
„11323 
„11379 
„11439 
„11505 
11577 
„11651 
‚11745 
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TABLE ҮІІ (0) 


Evaluation of equation 30 for a counter half-angle of 20 degrees 


АЕ 
1 
2 
lh 
8 

12 

16 


SLT 
„29098 
„58196 
1.16392 
1.15588 
2.32784 
2.90980 
3.19176 


607372 


h. 65566 


.0271:9 
05536 
.11217 
023057 


` «35597 


ol: 8919 
063129 
«78356 
991; 75h 
1.32521 


‚17298 

WI 

691,13 
1.39hh9 
2.20185 
2.81703 
3.51109 
1.27532 
5.02126 
5.78089 


1.0000 
2.002 
1,013 
8.062 

12.151 

16.283 

20.471 

2l. 716 

20.028 

33.119 


.lh5h9 AE 2.13080. n(10/TR-4E) (2/o-Z)No Ne oc  (2/o-Z)No/aEg 


.17298 | 
31317 
.17353 
«11h31 
«17515 
«17606 
.17705 
.1781 
‚17933 
¿18065 
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TABIE VII (H) 


Evaluation of equation 30 for a counter half-angle of 2); degrees 


.20687 АЕ 2.92996 Gn(78/78=tB) (2/o-Z)Ne 


Кс ec 


с тест 38 8 eee ААИ) Ge eee) Se ee рб, арии ира o "Шс 


1374 

«82718 
1.651,96 
2.18211 
3.30992 
4.1371:0 
1.964,88 
5.79236 
6.6198} 


15h23 
43170) 
«1,8947 
67265 
85801 
1.07711 
1.30290 
1.54719 


«2h61 
.118986 
„98171 
1.97200 
2.97191 
3.98257 
5.00511 


6.05229 


1.09526 
8.161703 


1.0000 
2.002 
1.013 
8.080 
12.147 
15.277 
20.1,58 
2), .696 
28.999 
33.380 


(2/0 7 Ne /AE 


„2161 
293 
.21513 
.21650 
„21,766 
.21,891 
„25027 
„25176 
.253h0 
.25522 
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Theoretical relative counting rates of the long counter per unit 


target thickness at 1960-kev proton energy for various target thick- 


nesses and various counter positions (fresh targets only). Normalized 


o 
Ser: 
г 3 


1 » 361 
2 „361 
n 361 
8 . 361 
12 . 360 
16 .360 
20 .361 
2l e 360 
28 „360 
32 „361 


FJ bk ы ы ы ы ы ы ы ны M 


3.996 
3299 
3.996 
3.993 
3.995 
3.992 
3.995 
3.992 
3.992 
3.992 


28. 
6.657 
5.65} 
6.656 
6.652 
6.656 
6.650 
6.655 
6.650 
6.651 
6.650 


to unity at 9 = 5 degrees. 


— 
9.995 
9.988 
9.992 
9.955 
9.990 
9.982 
9.987 
9.980 
9.980 
9.979 


20 


15.390 
15.379 
15.384 
15,371 
15.377 
15.363 
15.369 
15.357 
15.35. 
15.318 


Pi 
21.768 
21.752 
21.796 
21.737 
21.7; 
21.720 
21.725 
21.703 
21.695 
21.661; 
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APPENDIX C 


POSSIBLE SEVUENCES OF CERTAIN DEFINSD VALUES OF THE PROPON CNZROY 
WHICH OCCUR WHEN INTEGRATING OVER THL NZUTRON YIELD CURVE 


As the proton energy increases, it passes in succession 
through the values of E, E Е» Е + àE, E + AE, and E, + АЕ in one 
of the five possible ways listed belon: 





— — — А. IY سا‎ 
Er Er Fp Ет Er 
En Ep + АЕ Ee Ер + ДЕ Ee 
Ep + АЕ Ee Ey, Be Ер + ûf 
É. + АЕ Eo * àE Eq + ДЕ Ey Ey 
Ет, Er, Ey + at Е, + АЕ E. + AE 
Ep * AE Ey * AE Ер «АЕ By * AE Ер AE 


The inequalities represented in each sequence wil) tell us 


under what conditions a marticular sequence is applicable. 





AB < By, = By) Ee < Eg = AE) 
от 


) 
AE > Е, = К) Ee < FF + AE) 


Therefore, 


Ep - Eg + ah > af + Ey = Bp 


Br + S. 
2 


Ee < (A 


For Ti(p,n), this gives Eg < (Ep + 19.85 kev). 
This limitation on Za is attained by keeping the counter half-ancgle 
less than 15 degrees. However, there is a more strict limitation 


upon Ee, зо that we get: 


№ < (Bp +08) — for < P) э 39.85 er. 
2 
Ej, + En 
Case ТТ: 
aE < В, - Er fo > Br * a8} 


or 
дЕ < Ег = Е.) Е. < Er = AE) 
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EQ - ER *Ep-EQ D 28 


ав < > = 19.85 kev. 


This is the case for 6 = 450°, at which angle De = Ep + 19.95 = 
Ep - 19.85 кет. Ғог Ә< 150, Ес < (Ep + 19.85) and àE < (F. = Eq). 


For 6 » h59, E,» (Ep * 19.95) and AE X (95, = Ee). 


Case ITI: 


АЕ > (E, - Ep) = 39.7 kev for I4(p,n) reaction. 


базе ТҮ: 


A < Eo ~ Ep Ее > Ер + AE) 


) 
) ог 
AE D EY - EQ) Ее > Ey, = àE) 


Ер = Вр + АЕ > AE + E, = Es 
Ey + Е 
E > (CLII) = (m +19:85 kev). 
2 


Ет e 
For АЕ e Ош) s 19.85 kev, Ес = Тар % 19.85 kev, and 9 s 159. 


For AE > (EL = FF) = 19.85 kev, Ee > (Ep + AR), ana 9 > 150. 
2 





E, = Be 
For àE < E e 19,85 kev, Fe > (EL - at), and @ > hse, 


Thus, this case cannot occur for 9 < 150, 
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Case Vy 
(28 < (Ey = Ep) = 39.7 kev for Ii(p,n) 
(dE > (Eo ~ Ep) 
(АЕ » (Ej - E.) 

Therefore, 


245 > (Er, = Ел) - 39.7 kev. 
АЕ > — = 19.85 kev. 


This is the smallest value of AE which my be measured in Case V, 
and it occurs for E. = (PL * "T) = Bp + 19.85 kev, which corre- 
2 


sponds to @ = 1509, 


Therefore, 
For @ = 1,50 (Eg ~ Ep) < AE < (Er = Ep) 
19.85 kev < AE < 39.7 kev. 
Рог 9< ken (Ег = Е) < AE < (Ey = Ep) 


(Ei = E¿)< 4E < 39.7 kev 

where (Ey = Eg) > 19.85 kev. 
For Ә < 300 30 kev < 47 < 39.7 kev. 
For 9 - 5? 9.1 < АЕ < 39.1 kev. 
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Summary: 
(a) For 9< 159 and 4E< 19.85 kev only Cases I and II are possible. 
(b) For 6 «159 and 19.85 «7 АЕ < (Еу = Е.) only Case I is possible 


(e) For 6< h59 and 19.85 « (Ej = Ee) < AE only Cases I and V are 
possible. 


(а) Рог © < 309 and АЕ < 30 kev, only cases I and II are possible. 
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